We present the theory and numerical results for least-squares reverse time migration (LSRTM) of phase-encoded supergathers, where each supergather is the superposition of phasedencoded shots. Three type of encoding functions are used in this study: random time shift, random source polarity and random source location selected from a pre-designed table. Numerical tests for the 3D SEG/EAGE Overthrust model show that multi-source LSRTM can suppress migration artifacts in the migration image and remove most of the crosstalk noise from multi-source data. Empirical results suggest that multisource LSRTM can provide a noticeable increase in computational efficiency compared to standard RTM, when the CSGs in a supergather are modeled and migrated together with a finite-difference simulator. If the phase-encoding functions are dynamically changed after each iteration of LSRTM, the best images are obtained. The potential drawback is that the final results are very sensitive to the accuracy of the starting model.
INTRODUCTION
Data acquisition with multiple sources requires the excitation of N phase-encoded shots at the same time and recording of the resulting wavefields. The recorded data will be denoted as an N-source supergather. This topic has recently become popular because it reduces the economic cost of seismic acquisition, especially for the cases of VSP, OBC and OBS data acquisition (Akerberg et al., 2008; Beasley, 2008; Berkhout, 2008; Fromyr et al., 2008; Hampson et al., 2008; Huo et al., 2009; Kim et al., 2009; Moore et al., 2008; Spitz et al., 2008) . For wide azimuth acquisition, multiple vessels are used, so it is convenient to perform multiple source shooting.
Many methods have been proposed to separate a supergather into individual shot gathers (Akerberg et al., 2008; Beasley, 2008; Berkhout, 2008; Fromyr et al., 2008; Moore et al., 2008; Spitz et al., 2008) . The simplest approach is to perform separation by the standard migration and stacking procedures. Lynn et al. (1987) showed that it is effective to remove coherent noise in multi-source data by weighted stacking. Beasley (2008) presented his previous work and showed that the cross-talk noise was attenuated by standard migration and stacking for 2-source supergathers. Fromyr et al. (2008) achieved image quality with 2-source shooting similar to that from conventional acquisition in their wide azimuth experiment. Berkhout (2008) extended the simultaneous sources acquisition to blended acquisition and presented his theoretical work; he also showed that standard stacking and migration can suppress the crosstalk noise quite well. With careful survey design, a suitable marine environment and a small number of multiple sources, simple stacking alone is sufficient for quality imaging.
Another important application of multi-source acquisition is in waveform inversion. Zhan et al. (2009) applied multi-source multi-scale waveform inversion to synthetic data and used a deblurring filter to reduce the crosstalk error and speed up convergence. Their numerical results showed a 12-fold speed up in computation efficiency. Krebs et al. (2009) presented their waveform inversion result with simultaneous sources encoded by random encoding functions. Their computational efficiency was increased by a factor of 50 compared to conventional inversion. Both of the above results were for 2D simulations, but in the 3D case, with one extra order of freedom more sources can be used to construct a supergather to achieve an even higher efficiency.
In this paper, the theory of iterative least-squares migration for processing supergathers is presented. With multi-source LSRTM, the size of the data space is reduced by N times (N being the number of multiple sources) and so ameliorates the burden of onerous I/O demands. For 3D prestack migration, significantly reducing the large I/O costs will lead to a significant reduction in clocktime.
THEORY
The forward modeling of scatterred wavefield under the Born approximation is described as
where G(g|x) is the Green's function for a source at x and geophone at g. Equation 1 can be rewritten in matrix notation as
where L is the forward modeling operator. The goal of seismic imaging is to migrate the data d to get the estimate of the reflectivity image;
Recently, the method of multi-source imaging has emerged, where many phase-encoded shot are excited and a supergather is recorded as
where N represents the number of multiple shots, and S i represents the phase-encoding functions. All S i are unitary and d i represents individual shot gathers;
The multi-source forward modeling operator L and multi-source migration operator L T are defined as
which consists of two terms. The first term is the standard migration image and the second term is the crosstalk noise introduced by migrating blended multi-source data.
In order to suppress crosstalk noise to an acceptable level when the number of multiple sources N is large, the least-squares migration is used Schuster, 2009) . The starting point is to define the objective function
so that an optimal m is sought to minimize the objective function. The optimal solution is found by a gradient type optimization method, e.g.,
where F is a preconditioner (Nemeth et al., 1999) , and α is the step length calculated from back-tracking and a numerical line search. The conjugate gradient method is used, which generally converges faster than the steepest decent method. After each iteration, the phase-encoding functions can be kept the same (static encoding) or dynamically changed (dynamic encoding). Numerical results will be shown that suggests that dynamic encoding is the best strategy for suppressing crosstalk. Three types of encoding functions will be used: random time shifts, random source polarities, and random source locations selected from a table which contains all the predetermined source locations.
In this study, the reverse time migration operator is used as L T , but the Born modeling operator is too expensive in the sense that all the Green's functions need to be saved and convolution is required at each image point. The finite-difference simulation is computed twice with slightly different models and the difference between the two recorded wavefields is calculated as the scattered field,
where s 0 represents the slowness of a smooth background model and m is the reflectivity model, which represents a slowness perturbation in above equation.
RESULTS
The multi-source LSRTM algorithm is tested on the synthetic data generated by FD (finite-difference) solutions to the 3D acoustic wave equation for the 3D SEG/EAGE Overthrust model. The model size is 800×800×186 and Figure 1 shows the vertical and horizontal slices of the true model. Figure 2 shows the starting velocity model, which is also the background velocity model kept constant during iterations.
There are 1089 shots and 10201 receivers evenly deployed on the surface. We separate the 1089 shots into 11 supergathers with 99 shot gathers per supergather. A 2-4 finite-difference simulator is used to solve the acoustic wave equation with a 20 m grid interval and a 5 Hz source wavelet. All the numerical tests are performed with 4096 CPUs on an IBM Blue Gene supercomputer. Figure 3 shows the vertical and horizontal slices of the multi-source RTM image. Compared to the conventional RTM, the multi-source RTM is 99 times more computationally efficient. For the 3D model used in this study, the conventional RTM image would take about 20 days to compute compared to the only 5 CPU hours for the multi-source result. However, the single iteration LSRTM result has much less quality than the conventional RTM image.
For the next step, multi-source least-squares migration is carried out with both static encoding and dynamic encoding for comparison. Figure 4 shows the multi-source LSRTM images after 10 iterations with static encoding and Figure 5 shows the result with dynamic encoding after 10 iterations. Compared to Figure 3 , the multi-source LSRTM image in Figure 4 shows fewer artifacts associated with the source locations and a more balanced amplitude in the vertical slice; in the horizontal slice, the crosstalk noise is attenuated. In Figure 5 , the best result is presented. When dynamic encoding is used, the multisource LSRTM images show the least noise. Figure 6 shows the convergence curves for both the static and dynamic encoding methods, where both methods show similar convergence rate.
CONCLUSION
Multi-source least-squares reverse time migration with phase encoding is applied to 3D supergathers. Numerical tests show that iterative LSM helps remove migration artifacts and suppress crosstalk when shots gathers are blended and migrated at the same time. When comparing the results from static and dynamic encoding, we found that the dynamic encoding method produces a result with the best S/N ratio.
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